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INTRODUCTION

Fireflooding is the process of igniting the hydrocarbons in the formation at the
site of an injection well; this is followed by propagation of the combustion front
through the reservoir to producing wells. Combustion is maintained by the injection
of air and as the fire-front moves through the reservoir, it vaporizes oil and the
formation water. These are moved ahead of the front in a gas phase, then condensed
in cooler portions of the reservoir and eventually produced from a production well.
The fuel for combustion is supplied by the heavy residual material which is not
vaporized by the fire-front. This materlal is generally referred to as coke and is
Jeposited on the rock matrix.

Combustion can proceed in two directions: in the most commonly used process, the
~ombustion zone advances in the same direction as the air flow and is known as
Y"forward combustion”; in the second method, the combustion front advances in the
direction opposite to the flow of air and is called '"reverse combustion". Forward
ombustion burns the least desirable fraction of the o0il, leaves a clean formation
behind and is an efficient heat generating process. 1Its main drawback is that there
must be sufficient mobility for the vaporized oil and water to be produced after
rhey have condensed ahead of the firefront. In reverse combustion, the produced
liquids are produced through the heated portion of the reservoir. The fuel for this
process is an intermediate fraction of the original oil and the coke remains in the
watrix. The process also produces crude oil which contains more oxygen compounds
than crude produced with forward combustion. Because spontaneous ignition can occur
the process is difficult to control.

In the forward combustion process, water has been injected with the air to remove
heat from the hot rocks and to reduce the amount of air required. A number of
investigations of different types of wet comwbustion have been made (1-3). These
investigators have classifications for this process according to the amount of water
being injected. 1In this paper we will use Burger and Sahuguet's (1) nomenclature,
They classified the types of wet combustion into normal, incomplete and super wet.
In normal wet combustion the water evaporation front is behind the firefront and all
the coke is burned. In incomplete combustion the water evaporation front is behind
the combustion zone but not all the coke is burned. 1In both of these processes
superheated steam passes through the firefront. Super wet combustion takes place
when enough water enters the combustion zone to cause the disappearance of the peak
combustion temperature.

The object of this study is to present the data from the analysis of the effluent of
a dry combustion test and a wet combustion test performed on oil sands from the
Athabasca 0il Sands deposit. The paper gives a brief description of the apparatus
used to run the tests, as well as a description of the analytical methods used to do
the effluent analysis and a discussion of the results obtained.

EXPERTMENTAL APPARATUS

A schematic diagram of the combustion tube is shown in Figure 1. The combustion
tube is constructed from a 1.83 meter length of 10.2 cm diameter 600 Inconel tubing
of 1.067 mm wall thickness. The combustion tube, which is designed to withstand
temperatures as high as 1150°C is equipped with heaters and thermocouples; the
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heaters are controlled so the tube is able to approach adiabatic conditicns. The
adiabatic tube is placed in a pressure jacket with a pressure vating of 6,895 kPa.

The following variables are measured throughout a run: pressure drop, temperature
along the tube, volume of injected air and water, composition of produced gas, and.
volumes of produced gas, oil and water. A complete description of the equipment can
be found in two other sources (4-5).

EXPERIMENTAL PROCEDURE

A sample of Athabasca oil sands was manually tamped into the tube. Samples were
removed every 7.5 to 15.25 cm to determine fluid saturation. After the tube was
packed, it was placed in the jacket and brought up to the desired pressure. 1In
order to get the oil to flow it was necessary to pack samples with high water satura-
tion or to heat the combustion tube to about 100°C. After communication through the
tube was obtained, the air injection end was heated to about 300 °C while flowing
nitrogen through the pack. When the ignition temperature was reached, the nitrogen
flow was switched to air and the first zone allowed to reach its peak temperature.
From this time on, air and water were injected. During the run all of the variables
previously mentioned were recorded. The tube was allowed to cnol at the end of the
run and was then depressured. The tube was removed and unpacked in 7.5 to 15.25 cm
sections. Each sample removed was analyzed for fluid saturati:n and coke content.

‘The produced gas was analyzed on a Hewlett-Packard 5830 three rolumn, dual TC, FID
detector gas chromatograph. The gas was analyzed for the following components:
oxygen, nitrogen, carbon monoxide, carbon dioxide, hydrogen, methane, ethylene,
ethane, propylene, propane, iso~butane, normal butane, iso-pentzne, normal pentane,
normal hexane, hydrogen sulfide, carbonyl sulfide, and sulfur dioxide.

OIL ANALYSTS

The produced oil and vater samples were separated by heating and high speed centri-
fuging. Samples were heated to BOOC, then centrifuged at speeds of up to 19,500 rpm;
heating the sample increascd the density difference between the oil and water. Once
the 0il was separated from the water, the following mecasurements were performed:
weight percent carbon, hydrogen, nitrogen and sulfur; viscosity and density of the
0il; weight percent asphaltenes; and a vacuum distillation on the asphaltene frce
oil.

The weight percent carbon, hydrogen and nitrogen were measured using a Hewlett-
Packard Model 185, C, H, N-analyzer. The analyzer oxidized C, H2, and N, and
measured the concentration of these compounds using a thermal conductivi%y detector,
The weight percent sulfur was determined using a Horiba Model SLFA 200 total sulfur
analyzer which employs x-ray absorption to measure the sulfur concentration,

Viscosity was measured using a Wells-Brookfield microviscometer which relates shear
stress to the torque over a conical surface. Density was measured with a PAAR
digital density meter which determines density by measuring the variations of the
natural frequency of a hollow oscillator when liquids or gas were introduced into it.

The asphaltene content was determined by taking agproximately 10 gms of oil sample,
adding 100 ml of pentane and mixing the two at 20°C. The precipitated asphaltenes
were filtered out and dried at 100°C. The pentane soluble portion was then
distilled into three fractions. First, the pentane and light oil were removed at
room temperature by reducing the pressure to 1.2 mm of Hg. The sample was then
heated to 200 C at a pressure of 1.2 mm of Hg. The portion distilled off was

defined as the middle oil and the residue was defined as the heavy oil. Since many
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of the samples were small, it was necessary to develop a special distillation
apparatus in which to do the distillations. Figure 2 is a photograph of the device
used. A complete description of the procedure and equipment is in a paper by
Hayashitani et al, (6). A simulated distillation curve was then obtained on the
middle oil using the ASTM-D2887 procedure.

In addition to o0il samples obtained from the effluent, samples were obtained from
the initial material placed in the combustion tube and from the tube after the burn
was completed. The o0il was extracted from the sand using the Dean Stark method 7.

Following the extraction, toluene was removed by heating the sample to 100°C under a
pressure of 280 mm of Hg. The type of tests on these samples depended on the amount
of sample obtained from the extraction.

WATER ANALYSIS

The water separated from the produced o0il was filtered using 20 micron filter paper
to remove most of the suspended solids. The following tests were then performed:
pH; total organic carbon; potassium, calcium, sodium, magnesium, barium, iron,
sulfate, chloride, carbonate and bicarbonate concentritions.

The pH was determined using a Brinkmann Model 104 metar. Total organic carbon was
determined using a Beckmann Model 915A total organic ~arbon analyzer. Operation of
the instrument involves injection of aqueous samples into two different combustion
tubes using air as the carrier gas. 1In the total car>on channel, a high temperature
(950 C) furnace heats a combustion tube packed with a cobalt oxide-impregnated
asbestos fiber. The oxygen in the carrier, the eleva:ed temperature, and the cata-
lytic effect of the packing result in oxidation of both organic and inorganic
carbonaceous material to CO2 and steam.

In the inorganic carbon channel, a low temperature (150°C) furnace heats a combus-
tion tube containing quartz chips wetted with 85% phozphoric acid. The acid
liberates CO, and steam from inorganic carbonates. Operation temperature is
sufficiently high for the desired reaction, but is substantially below that
required to oxidize organic matter.

The effluent from each combustion tube passes through the associated condenser for
removal of condensed steam, and flows to the Sample Select Valve. This valve
directs the effluent from a selected channel through a filter to the Model 215A
Infrared Analyzer. Here the CO, formed during passage of the sample through the
combustion tube registers a trgnsient peak on the meter and the recorder chart.

The metal ions concentration was measured using a Perkin Elmer model 303 atomic
absorption spectrophotometer, which is equipped to do both flame and flameless
analysis,

Sulfates were measured with a standard turbidimetric method. The concentration was
determined with a Bausch and Lomb Spectronic 710. Chloride, carbonate, and bicar-
bonate concentrations were determined by titration. A silver nitrate titration

using an Orion solid state chloride specific ion electrode was used for chlorides.
The amounts of carbonates and bicarbonates were obtained by titrating 0.02 N, HZSOA
to a pH end point of between 4.2 to 4.5.

DISCUSSION OF RESULTS

This paper presents the results of two combustion tube experiments. In the first
test referred to as Run 1, 1.14 meters of the 1.83 meter tube were burned, and then
the tube was cooled. The material was then removed and the oil extracted using the
Dean Stark method. 1In the second run (Run 2) the tube was completely burned through,
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and the analysis of the effluent was reported. Tables 1 and 2 present the proper~
ties of the material in the combustion tube for these two runs. Table 3 presents
the average properties and run conditions. Run 1 was dry while Run 2 was a wet
test in the super wet region. Run 1 had a high bitumen saturation so that there
would be sufficient oil ahead of the fire-front for the analysis. Run 2 contained
a lower concentration for ease of operations with wet combustion. Tables 4 and 5
present the oil analysis data from the two runs. Table 6 and 7 present the simu-
lated distillation data on Runs 1 and 2.

In Run 1 the residual o0il analysis data shows a reduction of the light ends, an
increase in the asphaltene content of the o0il, and an increase in coke content as
the fire-front is approached from the production end of the tube. When the fire
flood was stopped the front was 1.14 m along the tube. Figure 3 shows the tempera-
ture profile at this time. The coke content at this point was 1.84 weight percent.
At temperatures above 450°C the oil was all vaporized. Coke started to form at
temperatures in the range of 200°C. Ahead of the fire-front the amount of oil
gradually increased to a maximum value of 10.25 weight percent at 1.562 m, The
data shows that the oxygen content of the crude oil increases significantly in
front of the fire front. Some of the low temperature oxidation reactions could
have occurred after the fire stopped burning. During the bleed down the air in the
tube was passed through this heated oil. The data shows all the o0il in the tube
had been signifjicantly changed from the initial bitumen. The sulfur content of oil
directly ahead of the fire front was reduced.

The analysis of the produced oil from Run 2 shows that the production was gradually
upgraded. The weight percent asphaltenes decreased from 20.0 to 5.6 weight percent.
The distillable portion increased from 8.6 to 43.7 weight percent. The residue
fraction decreased from 71.4 to 50.7 weight percent. The H/C atomic ratio increased
from 1.54 to 1.94, The sulfur content decreased from 4.62 to 2.429 weight percent,
The viscosity decreased from 400 to 5.5 cp at 80°C. The density decreased from
1.0155 to 0.9342 gm/cm3 at 25°C. The simulated distillation data shows that while
the amount of the distillable fraction increased with time, the amount distillable
at any temperature decreased with time.

Table 8 presents the water analysis data. The pH showed an initial increase from
4.63 to 7.09, then decreased to a low of 1.15. Sodium decreased from 690 to 90 mg/1l.
Potassium increased from 56 to 270, then decreased to 20 mg/l. Calcium increased
from 220 to 340 and then decreased to 26 mg/l before a slight increase. Magnesium
decreased from 92 to 18 mg/l. Iron increased from 50 to 1,200 then decreased to
180 and rose to 290 mg/l at the end of the run. Chloride increased from about 180
to 3,500, then decreased for the remainder of the run. Sulfate concentration
appeared to increase significantly with a pH below 2. Tt started .out at a value
of 3,720, decreased to 230, and then increased to a high of 14,000 mg/l. The pH of
the water for most of the run indicated that carbonates and bicarbonates were not
present. We believe that the low pH values are caused by Sulfur and CO, reactions
plus the formation of some organic acids. Sulfate concentration increases indicate
that sulfur is reacting to form sulfuric acid. The amount of inorganic carbon
from the TOC analysis indicates that there is a possibility of some carbonic acid
being present.

The TOC analysis shows hydrocarbon concentrations as high as 7,200 mg/l. We have
made no effort to identify the types of hydrocarbon which are dissolved in the
produced water. The total dissolved solids ranged from a low of 0.58 to a high of
3.01 weight percent. This curve follows the sulfate curve very closely.

Table 9 presents the average gas analysis for the two runs. Both of these runs

show that the only sulfur gas produced was HZS' Run 2 data indicate that with the
injection of water hydrogen was generated.
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CONCLUS IONS

From the results of the analysis of the products from these two runs it was concluded
that thermal cracking, combustion gas reactions, and hydrogenation caused the

following:

1. A reduction in the sulfur content of the produced oil.

2. An upgraded oil with a higher H/C ratio, lower demsity, lower viscosity, and
lower asphaltene content.

3., The sulfur removed from the 0il is mainly produced as acid, water, and a small
amount of HZS'

4, The produced water contains up to 7,200 mg/l of dissolved organic carbon.
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TABLE 1

Initial Sand Pack Properties

Run 1
Sample Mid Point Weight wt. % We. 2 Wt. wt.
No. Depth gms. HZO Bitumen HZO Bitumen
cm. gms. gms.
coarse sand 8.89 3,172.5 6.30 0.0 200.0 0.0
1 24.93 1,475.0 2.20 13.43 32.5 198.1
2 38.58 2,078.0 1.54 12.44 32,0 258.5
3 51.12 1,830.2 2.85 12.86 52.2 235.3
4 62.71 1,619.1 1.15 12.46 18.6 201.7
5 74.22 1,936.0 2.20 12.66 42.6 245.1
6 86.36 1,893.0 1.11 13.11 21.0 248.2
7 99.22 2,110.9 2.90 11.98 61.2 252.9
8 112.72 1,927.3 1.04 11.96 20.0 230.5
9 126.69 1,859.1 1.18 12.86 21.9 239.1
10 139.70 1,760.6 1.57 12.70 27.6 223.6
11 152.88 1,922.8 2.83 11.91 54.4 229.0
12 167.64 2,241.2 2.17 12.17 48,6 272.8
13 178.28 831.0 0.98 12.96 8.1 107.7
coarse sand 181.85 438.6 6.30 0.00 27.6 0.0
TOTAL 668.3 2,743.0
TABLE 2
Iritial Sand Pack Properties
Run 2
|
Sample Mid Point Weight wt. % wt. % wt. Wt.
No. Depth gms. H20 Bitumen H20 Bitumen
cm. gms. gus .
coarse sand 8.26 2,492 11.0 0.0 274.1 0.0
1 21.12 1,553 8.0 6.5 136.7 100.9
2 30.64 1,504.5 9.8 7.0 147.4 105.3
3 40.96 1,611 8.7 6.9 140.2 111.2
4 51.12 1,514 11.7 6.2 177.1 93.9
5 60.17 1,550 10.3 6.7 159.7 103.9
) 6 79.22 1,539 9.8 6.5 150.8 100.0
7 79.06 1,542 8.9 6.5 137.2 100.2
{ 8 88.43 1,516 10.0 6.9 151.6 104.6
. 9 98.43 1,553 10.6 7.3 164.6 113.4
10 109.22. 1,543 9.7 8.5 149.7 131.2
11 119.38 1,493 9.6 6.1 143.3 91.1
\ 12 129.86 1,538 9.5 6.6 146.1 101.5
¥ 13 140.97 1,518 9.4 6.6 142.7 100.2
14 152.08 1,554 9.0 5.5 139.9 85.5
15 164.78 2,054 10.0 6.9 205.4 141.7
\ 16 173.83 498 10.0 6.9 49.8 34.4
coarse sand 179.23 1,425 4.0 0.0 57.0 0.0
TOTAL 2,673.3 1,619.0




TABLE 3

Average Properties and Run Conditions

Weight of coarse sand - gms.

Weight of water in coarse sand - gms.
Weight of oil sands - gms.

Weight of bitumen in o0il sands - gms.
VWeight of water in oil sands - gms.
Weight percent bitumen in o0il sands - %
Weight percent water in oil sands - %

Porosity - %

Water Saturation - %
Bitumen Saturation - %
Run Pressure - K Pa
Air Flux - m3/m?-sec
Water air ratio un®/um3

Initial Properties of Bitumen:
Density at 25°C gm/cm3

Viscosity at 85°c cp

Weight percent Cirbon

Weight percent Hydrogen

Weight percent Sulfur

Weight percent Nitrogen

Weight percent Oxygen by Difference
Weight percent Asphaltenes

Weight percent Distilled

Weight percent Residue

Simulated Distillation of Distilled Fraction

Temperature

203
232
245
277
300
323
345
368
391
414

Run 1 Run 2
3,611.1 3,917
227.6 331.1
23,484.2 24,080.5
2,743.0 1,619.0
668.3 2,673.3
11.68 6.7
2.85 11.1
39,23 39.22
11.7 52.6
48.0 28.3
5,860 5,860
5.95 x 10~3 9.36 x 10-3
Dry 3.37 x 1073
1.0135 1.0135
400.00 4,000
82.91 82.91
10.66 10.66
4.62 4.62
0.57 0.57
1.24 1.24
20,0 20.0
8.6 8.6
71.4 71.4
°c Percent Distilled
0.22 0.22
1.54 1.54
5.33 5.33
16,51 16.51
41,95 41.95
69. 46 69.46
84.57 84.57
92.61 92.61
97.41 97.41
100.00 100.00
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In Tube (M)

Position &

we-2
Coke

~

.87
7.00

OCPOHOL,rO0O
CrEOROOW

0.69
0.69
0.5?

FPREMLUUNDOD

We-%
2

we-X
Bitunen

10.25

6,85
4.01
0.4

82.90
83.66
83.32
78.9
7L.9
77.3
82.0

® Measured from air injecr’on end

Time

5.50
6.00
6.50
7.25
8.00
8.25
8.50
9.08
9.58
10.08
10.50
10.92
11,58
12.00
12,25
12,95
13.45
13.95
14,47
14.85
15.47
15.92
16.50
17.20
17.47

Demttx
g/em?(25°C)

0,9543
0.9754
0.9831
0.9825
0.9858
0.9689
0.9566
0,9550
0.9564
0.9571
0.9546
0.9511
0.9494
0.9464
0.9462
0.9422
0.9402
0.9340
0.9396
0.9342
INSUFF.
SAMPLES
"

Viscosity
cps (80°C)

39.6
47.2
133.6
968.6
112.6

60.95

14.8
19.0
15.3
17.9
16.7

12.3
12,0

TABLE 4

Suzmary of Residual 01 Analysis
Run 1

We-2
c

82.94
82,51
82.20
82.06

82.92
82.60
82.99

82.60
82.71

TABLE 5

We-1
Asphaltene

W NN
pENtee
rRARNN

Summary of Oil Analysis
Bua 2

13.0
12,5
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We-2
S

4.052
3.966
4.253
4.078

we-1
Diatilled

wt-2
Residue

o

&

-
BLwrLa

el
VNG NN
)

b

rondwN
Lwuua o

we-2
Asphaltene

14.8

16.7

1.1102
1.0894
1.0339

we-X
Distilled

33.4
31.2
27.3

43,7

2008

Temp
Reached (°C)

Wr-% Oxygen
by difference

Max,

437 4,40

we-1
Residue
68.0
69.5
67.9

71.0
62.2

57.2
59.7
64,6

50.7



203
232
245
277
305
323
345
368
391
414

203
232
245
277
300
323
345
368
391

TABLE 6

Simulated Distillation Data
Percent Distilled

Run 1

Position in Tube * (m)

1.791 1.715 1.638 1.562 1.486 1.410
1.99 1.17 0.92 0.44 0. 40 0.72
11.67 8.95 6.77 3.46 5.74 4.67
29. 36 25.47 21.49 13.34 20.58 15,95
53.48 50.73 44.70 32.97 42.95 37.04
75.01 74.39 68.41 59.61 68. 35 61.97
89.41 89.59 86.12 82.54 86.61 81.77
96.16 96.40 95.33 94.34 95.09 93.05
99,06 99.15 99.16 98. 87 98.77 98.25
100.00 100.00 100.00 100.00 100.00 100.00
100.00 100.00 100.00 100.00 100.00 100.00
*Measured from air inj-ction end.
TABLE 7
Simulated Distillation Data
Percent Distilled
Run 2
Production Time (Hours)

6.0 7.25 8.0 8.5 9.08 10.92 12.0 12.95 13,24
4,74 3.17 2.75 3.48 1.05 1.13 0.79 0.32 0.38
18.56 15.66 14.24 14.90 9.03 8.33 6.59 5.55 4.09
13.67 38.06 34.26 33.47 25.38 22.84 20.06 19.01 14.01
63.36 67.47 59.19 58.00  49.56 44,69 41,74 41.42 30.68
81. 47 86.67 78.62 79.97 73.47 68.98 66.48 65.93  54.68
92.16 95.15 90.81 92.41 89.07 86.95 85.50 84.47 79.08
97.13 98.22 96.80 97.47 96.34 95. 89 95.27 94.57 93.53
99.26 99.82 99.20 99.37 99.05 99.24 98,89 98.52 98.19
100.00 100.00 100.00 100.00 100.00 100.00 100,00 100.00 100.00
100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

414

166



8°0
00°1
0T'1
161
%61
09°1
1T
69°C
e
T0°¢
16°T
871
SE'T
L1
[AANN
€L
871
€Lt
9T1°1
96°0
%80
660
AR
L0°T
S0°T
%8°0
8670
860
L0
89°0
L9°0
8670
19°0
TL'0
%
SPTTOS
TE30L

8E6°T Al 0S6°T
TeTL 81 0Sz L
€CT*S L1 0ST*S
788°¢ 8T 006°C
8Ty it onY
seLe <1 osLée

uocqie) Uuoqie) UOqIB)

ot1uedig -3ioug TE10],

00L

T/3u
-£ 0oH

T/3u
—zf00

7 uny -

oov‘e
0L8°Y
0Lg‘s
0989
082°s
00T
0586
00€°2T
00£°0T
000°%T
09%°9
08T°9
076°¢
086°Y
08%°y
08Ty
095 ‘Y
0T9%¢
0LL°T
0z2°1
oze
oce
0£2
0Lz
0Ty
08y
00$
0%s
08¢
026°1
000°C
009°¢
088°2
0ZL'€

/%
nwmom

000°T
00T‘T
0LL
00¢
ST
08T
oee

1/8u
%]

0%¢
0ce
062

06¢

oty
08T

0s2

ovs
0zL
006
00T°T

An—6 -
UL 3

00T*T
06L
0L9
00$
08Y
oge
052
2y

0%
081

T/3uw
24

—~
v

A A A A A A AAAAAA A A
YV V.V Vv

YV VVVVVVVVYV

1/3u
eg

gTsATeuy I133eM JO L1euung

8 dTgVy

8T %
8T £y
6T 0%
0T [33
€9 9%
8T 9T
o€ 0¢
[43 £6
8¢ 09T
0g 002
19 0S¢
8L 00t
26 ove
8L 062
0L 0€T
29 00¢
L9 ove
L8 0eeT
08 0ze
LL 00T
c8 0ce
6 0z¢e
1/3u T1/%um
3K B)

(44
€C
143

€g

89
29

091

0T
€T
0T

1T

LT
T

8y

£y

%9
99
08
00T

0ZT
0eT

0s¢
0Ty
0¢es
019
069

T/3u

BN

£0°C
9IL"T
%91
£v°T
92°T
0T
0T°1
ST'T
L(1°1
€T°1T
w1
™'t
Sv°T
8% 1
6%°1
6%7°1
A

S T
6%7°1
VA
€L°T
69°T
99°T
et
£6°C
oz*

ws'e
T6°¢
6£°¢
16°¢
0T'%
60°L
L8°9
€9°%

Hd

g™
80°8T
LA
0Z°LT
05'9T
76°ST
LY°sT
68y
L9y
S6°€T
ShUeT
S6°CT
S A
00°2T
85 1T
26°0T
05°0T
80°0T
856
80°6
05°8
AL
00°8
§z'L
05"
00°9
05°S
00°S
L9°Y
ge Yy
z6°¢
$6°7
02°7
0T°T

167




Nitrogen

Oxygen

Carbon Dioxide
Carbon Monoxide
Methane

Ethane

Ethylene
Propane
Propylene

¢t

Hydrogen Sulfide
Hydrogen

TABLE 9

Gas Analys
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FIGURE 2

Distillation Apparatus

FIGIRE 3

Temperature Profile
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